. Schematic diagrams of position control and force measurement in IFM. (a) Displacement (red line) of the distal end of the cantilever is detected by a split photosensor. The beam amplitude (black line) of the laser for position control is feedback regulated such that the measured displacement is equal to the demanded displacement. (b) The magnitude (blue line) of the external force on the cantilever is calculated as the beam amplitude (black line in (a)) minus the measured displacement (red line in (a)). (c) The cantilever is positioned 50 nm above the coverslip, and is deflected downward by the laser radiation. (d) The bead at the cantilever tip has touched the coverslip surface. (e) The beam amplitude of the laser is saturated at the maximum as the cantilever tip does not move. (f) Decreasing the radiation pressure deflects the bead at the cantilever tip upwards to extend the protein molecule at a constant rate of 70 nm/s. The force exerted by the protein during extension unfolding is obtained as shown in (b) (blue line). The extension is controlled by the laser pressure at the desired length. In the present study the extension rate was kept constant.
. Energy-extension relationships and corresponding force-extension relationships for SNase unfolding. Energy-extension relationships (top), energy deviations (middle) and their force-extension relationships (bottom) derived experimentally (a-c) and by MD simulations (d-f). Experimental energy-extension curves were obtained as integrals of force-extension curves, and simulation force-extension curves were obtained as derivatives of energy-extension curves. Since the energy increased as the end-to-end distance increased, energy deviations from trend lines were calculated by subtraction of 5-nm (±2.5-nm) moving averages from energy-extension curves. Comparison between force and energy deviations showed that the force peak corresponded to a local maximum in the energy deviation (broken lines). Figure S3 . Force-extension relationships for SNase unfolding achieved by MD simulations. Force-extension relationships in the absence (a-e) and presence of Ca 2+ (f-k). Force was calculated as the slope of total energy versus the end-to-end distance, and raw traces of force (light cyan line) were digitally filtered (black line; Hanning, half width 1.0 nm). Arrows indicate force peaks. Gray vertical lines represent peak locations in the histograms of the force peaks shown in Fig. 3 . Dotted lines represent the estimated maximum length (0.36 nm/residue). . A-H are points on the mean pathways indicated in (a) and (c). N, native state with the crystallography structure 1STN; N′, native state with the initiation structures for MD simulation after equilibration to 300 K. Red rectangles, blue arrows and light-blue bars represent α-helices, β-structures and regions where contact exists between side chains, respectively. The top bar represents the properties of the amino-acid residues: yellow, red, blue and black represent hydrophobic, acidic, basic, and other hydrophilic or neutral properties, respectively. Blue and red arrowheads indicate residues forming binding sites for calcium and nucleotides, respectively.
Supplementary Discussion

Agreement between experiments and MD simulations
We used a feedback control system using laser-radiation pressure to control directly the end-to-end distance of single protein molecules. It enabled us to perform mechanical unfolding at a constant rate. MD simulations were carried out under the condition of constant-rate stretching of the end-to-end distance. This accordance of the condition was essential to obtain agreement between the experiments and MD simulations.
We used single-monomer SNase molecules for mechanical unfolding. Tandem repeats or polyprotein chimeras are often used in mechanical unfolding, which give forcedistance curves of saw-tooth patterns. The saw-tooth pattern is useful for mechanical analysis. However, to achieve direct control of the end-to-end distance of single molecules, we used single monomers.
Heterogeneous pathways
Representative three-dimensional (3D) structures of intermediates, indicating local minimum energy states according to MD simulations, are shown in Fig. 4 . A force peak ( Fig.  3c and d) , representing a transition state between intermediates, was brought about when secondary structures and their interaction with neighboring regions were disrupted (Fig. 4) . We observed that the pathways were heterogeneous (Figs. 4, 7 and Movies S1 to S3).
2D trajectory maps of unfolding according to MD simulations are depicted in Fig. 7 . We used a coordinate system in which two axes of the number of residues forming α-helices (abscissa) and β-structures (ordinate) were denoted as αβ number coordinates. Individual trajectories underwent vigorous fluctuations (Fig. 7a and b) , and a 2D trajectory density map clearly showed that individual trajectories were not uniquely determined and took highly heterogeneous pathways.
Order of secondary structure disruption
The first secondary structure that tended to be disrupted was the C-terminal α-helix H3, followed by the β-structures S1 or H2, and then by S2, S3, S4, S5 or H1 ( Supplementary  Fig. S6 ). Spectroscopic and kinetics studies showed that the amino (N)-terminal β-barrel domain consisting of the five β-structures (S1-S5) and the α-helix H1 accumulated rapidly during an early folding phase, and then the residual Cterminal domain consisting of two α-helices (H2 and H3) folded at the final stage 1 . Mutant proteins lacking the Cterminal domain previously showed a molten globule-like property under native conditions 2 , and the region encompassing helix H1 and two β-turns (I18-D21 between S1 and S2, and Y27-Q30 between S2 and S3) was shown to form a native-like structure that might serve as a nucleation site in folding 3, 4 . These findings are in good agreement with the present results of unfolding in which first the α-domain was disrupted then later the β-barrel domain. The β-structures S2, S3, S4 and S5 and the α-helix H1 had hydrophobic residues that acted as a scaffold to form the hydrophobic core of the later intermediate E with high trajectory densities (Supplementary Fig. S6 ). It might be comparable to the structural feature of the molten globule state [5] [6] [7] , and it may suggest an important role of a hydrophobic core and nucleation secondary structures.
Ca
2+ binding destabilizes the α-domain In contrast to the stabilization of the β-barrel domain, Ca 2+ binding destabilized the α-domain ( Supplementary  Fig. S6 ). The NMR relaxation measurements for the backbone dynamics of some proteins upon ligand binding showed that the backbone mobility in part of the protein increased while that around the ligand-binding site become rigid [8] [9] [10] . It was considered as compensation for the entropy loss by stabilization. The destabilization of the α-domain may compensate the entropy loss of the β-barrel domain.
